Pollen viability and stigma recePtivity in SwainSona formoSa (g.don) J.thomPson (Fabaceae), an ornamental legume native to australia Abstract Pollen viability and stigma receptivity are prerequisites for successful cross-pollination and seed set in Swainsona formosa. In this study, the pollen viabilities and stigma receptivities was assayed by in vitro pollen germination and simple hand-pollination method on glasshouse-grown plants, respectively. The viability of pollen grains was tested under three different storage conditions: 1) pollen grains were left on the plant in the glasshouse under natural conditions, 2) pollen grains were harvested and kept at a low temperature (4 o C) in total darkness, and 3) pollen grains were kept in a dry freezer (-10 o C) and in total darkness. Meanwhile, stigma receptivity was determined by hand-pollination using fresh pollen grains on flower of glasshouse-grown plants at one day before anther dehiscence up to 8 days after anther dehiscence. The results showed that pollen grains could be stored at 4 o C for up to 28 days without significantly losing their viability. Pollen longevity could be extended beyond two months when stored at -10 o C and under dry conditions. These findings provided a simple and economically sound method for storage of S. formosa pollen. In addition, stigma receptivity was found to be receptive from one day before anther dehiscence and reached its peak within four days after anther dehiscence. These results provide a valuable background to the conventional breeding of this species to create hybrids through cross-pollination.
Introduction
Cross-pollination technique in hybridisation has been practiced for many years in conventional plant breeding programs. The purpose is to transfer pollen from male reproductive organ of one individual to female reproductive organ of another individual Mangena and Mokwala (2018) . This method requires either natural pollination by the assistance of birds, insects and wind, or artificially by hand-pollination. Artificial pollination is preferable in most breeding programs since it offers a an alternative to increase the seed set and guarantee high productivity (Dongarwar and Thakur, 2014; Gupta et al., 2017) . Handpollination also prevents crossing between unwanted individuals to ensure that plants produce seed that is trueto-type.
The success of either artificial or natural pollination depends greatly upon the readiness of both male and female reproductive organs to undergo fertilisation and subsequent zygote development. This is indicated by the viability of the pollen grains and the receptivity of the stigma. It is often found that in certain plants hybridisation under natural conditions is not possible because maturation of both male and female reproductive organs does not take place simultaneously due to a wide variation in flowering response, e.g. in Pistacia vera (Vithanage, 1984) and Dendrathema grandiflora (Ikeda and Numata, 1996) . In addition, the presence of stigmatic cuticle should be considered in the processes of pollen-pistil interaction (Edlund et al., 2004) . Pollen will not germinate until the cuticle is ruptured, even though the plant is fully selfcompatible (Shivanna and Owens, 1989) . This because the stigmatic cuticle represent a physical barrier avoiding contact between pollen and stigma (Costa et al., 2014) . In Swainsona formosa, the presence of stigmatic cuticle has become an obstacle for the success of fertilization following pollination (Jusaitis, 1994) .
For a successful hybridization program, a reliable method of pollen storage is required. Under controlled temperature and storage humidity this method has been successfully applied to a wide range of angiosperms such as almond (Martinez-gomez et al., 2000; , Aechmea fasciata, A. chantinii, Vriesea splendens, Guzmania lingulata and Tillanproadsia cyanea (Parton et al., 2002) , Melaleuca alternifolia (Baskorowati, 2009) , Cocos nucifera (Machado et al., 2014) , Imperata cylindrica (Rather et al., 2017) and Rosa hybrida (Giovannini et al., 2017) . The preservation of S. formosa pollen was first reported by Hughes et al. (1991) . It was found that Clianthus formosus (syn. S. formosa) pollen grains can be stored for up to 11 days in dry conditions at -180 o C without losing their viability. However, pollen storage at such a low temperature requires a specific facility such as a liquid nitrogen refrigerator. The procedure is also more complex as preserved pollen needs to be thawed before being used for pollination. In fact, not many laboratories or small-scale commercial nurseries have such a facility. Thus, this experiment sought a simple and economically sound technique for preserving S. formosa pollen grains for breeding purposes.
Stigma receptivity is another aspect that plays an important role in successful hybridizations. For fertilization to occur, not only should pollen grains be in a viable state, but also the stigma should be in a receptive condition. Arathi et al. (2002) suggested that stigma receptivity is an important determinant of reproductive success in plants. Unfortunately, the stigma receptivity of S. formosa is not well documented.
This research was aimed at studying pollen viability and longevity following cold storage, and stigma receptivity as an initial step in the conventional breeding of S. formosa. Understanding these aspects is important to ensure that pollen and stigma are ready to undergo fertilization when required.
Materials and Methods

Pollen viability assessment
The objective of this experiment was to study the viability of S. formosa pollen grains under different storage conditions.
This study consisted of three trials: 1) pollen grains were left on the plant (within the keel) in the glasshouse under natural conditions, 2) pollen grains were harvested and kept at a low temperature (4 o C) in total darkness, and 3) pollen grains were kept in a dry freezer (-10 o C) and in total darkness. In the first trial, pollen grains were taken from five umbels of 10 glasshouse-grown plants (designated as replicates) on the day of anther dehiscence, through to 10 days after anther dehiscence, at daily intervals. Each umbel consisted of 5-7 flowers. Pollen grains from the flowers of the same umbel were mixed in a vial before viability assessment. In the second trial, pollen grains were harvested from 5 umbels from 10 different glasshouse-grown plants on the day of anther dehiscence, collected, mixed in a vial, and kept in a refrigerator at 4 o C. The method of the third trial was identical to the second trial, except that the pollen grains were kept in a freezer at -10 o C instead of a refrigerator. Pollen collection in all trials was carried out between 9.00 and 10.00 am.
The viability assessment was carried out by germinating pollen on a modified BK medium (Brewbaker and Kwack, 1963) containing 720 ppm Ca(NO 3 ) 2 ×4H 2 O, 200 ppm MgSO 4 ×7H 2 O, 200 ppm KNO 3 , 20 ppm H 3 BO 3 and 10% sucrose. Pollen was spread evenly on the surface of one drop of this medium on a clean microscope slide. The slides were placed in closed Petri dishes on a layer of moistened filter paper to allow the pollen to germinate. The dishes were kept at room temperature under a light intensity of 50 µmol m -2 s -1 . No cover glass was used, as free access to air was necessary for the pollen to germinate. Pollen cultures were left for 120 minutes to obtain the maximum germination before assessment. The slides were set up at 10 minutes intervals and the first slide was examined after 120 minutes. Examination of the slide took approximately 10 minutes by which the second slide was ready for examination. This pattern was continued until all slides were examined and this ensured a uniformity of 120 minutes culture for each slide.
The examination of pollen viability was carried out according to the protocol of Prakash (2000) . Pollen grains were dusted on a drop of aceto-orcein on a microscope slide, covered with a cover slip and examined under a light microscope. Dark red stained pollen grains were recorded as viable, whereas pale red stained and colorless grains were classified as unviable.
Except for the pollen left within the keel, the water content of the pollen was determined prior to storage at low temperature. Samples of fresh pollen from different plants were collected in a weighing tray and the fresh weight was measured using an analytical balance. Pollen was then left to dry in a desiccator and the dry weight was determined after 24 hours. Pollen water content was then calculated, and it was 6.6% -7.3% at the time of harvesting, Each trial was arranged in a Completely Randomized Design, with 10 replicates (plants). There were 10 fields of view (observations) on each replicate. The percentage of pollen germination was determined by counting the number of pollen grains forming tubes, divided by the total number of pollen grains that were found in one field of view under the light microscope. Only pollen grains having a tube length of at least half of the pollen diameter were counted.
Stigma receptivity assessment
This work sought to ascertain the time at which the stigma of S. formosa was most receptive, so that the optimal time for hand-pollination in the glasshouse could be determined.
Flowers were emasculated one day prior to anther dehiscence, or stage four according to Jusaitis (1994) . This was the earliest that the floral buds could be manipulated without causing damage. The emasculated flowers were left unpollinated up to 8 days after anther dehiscence, depending on the treatment. In addition, pollinations were also performed on flowers with just-dehiscing anthers and on flowers with non-dehiscing anthers (on the day of emasculation). The flowers of all treatments were pollinated in one day and this was the same day as the pollination of flowers with just-dehiscing anthers.
The stigma was rubbed several times with a fingertip to remove the stigmatic cuticle and to expose the stigmatic surface. The stigmatic surface was pollinated with fresh pollen grains at the time indicated by the following treatments: A = flower emasculated 8 days after anther dehiscence B = flower emasculated 7 days after anther dehiscence C = flower emasculated 6 days after anther dehiscence D = flower emasculated 5 days after anther dehiscence E = flower emasculated 4 days after anther dehiscence F = flower emasculated 3 days after anther dehiscence G = flower emasculated 2 days after anther dehiscence H = flower emasculated 1 days after anther dehiscence I = flower emasculated on the day of anther dehiscence J = flower emasculated one day before anther dehiscence.
In order to minimise the experimental error due to environmental variation, all the pollen grains were collected from just-dehiscing anthers of approximately 100 flowers, mixed in a vial and tested for their viability prior to pollination. The pollen viability test indicated that the germination rate on BK medium was between 60% to 65%.
Three umbels (one from each stem) consisting of 5-7 flowers were selected as floral samples for emasculation. There were 4 replicates (plants) for each treatment. The number of pods formed following compatible pollination was used as the parameter of stigma receptivity in this trial.
Results
Swainsona formosa has a large, flag-like flower, up to 10 cm long, colored red with a dark red or black boss. The flower consists of five sepals and a five-part corolla that are typical to legumes. The petals incorporate a shiny dark red or black boss and a lower keel that houses the sexual organs. The inflorescences consist of clusters (umbels) of up to six flowers in a whorl at the end of short upright. The peduncle may be up to 20 cm long making it potential as a cut flower plant ( Figure 1) (Zulkarnain, 2018) . 
Pollen viability assessment
The viability of pollen grains was initially high at the time of collection (more than 50% pollen germinated in BK medium). If pollen grains were left within the keel of the flowers on the plants in the glasshouse under natural environmental conditions, the viability was still reasonably high (> 50% pollen germination) for up to 4 days after anther dehiscence. The viability dropped dramatically on the 5 th day, indicated by the percentage of pollen germination (less than 40%). A further decrease in pollen viability (less than 20% pollen germinated) was found on the 10 th day after anther dehiscence (Figure 2) .
However, if pollen grains were isolated from the plants and kept at a low temperature (4 o C) in total darkness, the viability remained high (> 50% pollen germination) for up to 21 days of storage. Prolonged storage for more than 21 days was found to reduce pollen viability (Figure 3) . When pollen grains were isolated from the plants and kept at -10 o C, a different pattern of pollen germination was found. Initially, the rate of germination (58.96%) was similar to that in the trial of low temperature (4 o C) but during the first 3 days of freezing, pollen germination increased up to 73.28%. The rate of pollen germination remained high up to 56 days of storage at -10 o C (Figure 4) . The examination of pollen viability using aceto-orcein staining showed that the viable pollen grains were round in shape and were dark brownish-red stained. Meanwhile, non viable pollen grains had an irregular shape and were pale brownish-red stained ( Figure 5 ). This study showed that the wall of S. formosa pollen consisted of two layers, i.e. the outer and the inner layer ( Figure 6A ). In certain areas the wall of S. formosa pollen was found to be thinner. These regions are known as germinal pores through which the pollen tube may emerge on germination ( Figure 6B ). Present investigation revealed that S. formosa pollen is of tricolporate type, indicated by the presence of 3 pores on each pollen grain. Tricolporate pollen is common in Papilionoideae (Avci et al., 2013; Banks and Lewis, 2018) . 
Stigma receptivity assessment
The results indicated that one day before anther dehiscence the stigma has already become receptive (Figure 7) . The stigma receptivity reached its peak on the 2 nd and the 3 rd day after anther dehiscence, indicated by 100% pod formation, and gradually started to decrease from the 4 th day. On the 8 th day after anther dehiscence, the petals started to degenerate and the stigma receptivity decreased signifi cantly. On the 9 th day after anther dehiscence, fl owers were too fl accid to be pollinated. This was the time at which the abscission layer at the pedicel-peduncle junction had developed to the point that abscission was inevitable. At this stage the stigma had completely lost its receptivity. 
Discussion
Pollen viability
It has been known that S. formosa is able to fl ower all year round (Tapingkae et al., 2009), although for some reason there may be a preferred fl owering time in the breeding program. Because of differences in fl owering time, cross-pollination for hybrid production may require the storage of pollen for a certain period of time until receptive stigmas are available. This study showed that in glasshouse conditions S. formosa pollen may be left within the keel for a short period of no longer than 4 days before the viability is signifi cantly reduced. However, in the breeding program, longer pollen longevity is usually needed. This requirement could be met by keeping the pollen grains in dry conditions at 4 o C and in total darkness. With this method pollen retained its viability for up to 28 days with a reasonably high germination rate. Pollen longevity was even greater with storage at -10 o C in total darkness. It is believed that S. formosa pollen might stand freezing conditions for more than 2 months.
The ability to tolerate desiccation and freezing suggests that low temperature storage may maintain pollen viability and longevity in S. formosa, which is benefi cial in breeding programs. According to Gaff and Oliver (2013) , desiccation-tolerant pollen contained less than 50% water when shedding. Franchi et al. (2011) claimed that pollen that were classifi ed as desiccation-tolerant could usually survive low temperatures if they were fi rst dried to a relatively low water content (one to fi ve percent) without damage. In this study, the water content of S. formosa pollen at the time of storage initiation was 6.6% -7.3%. Pollen preservation at low temperature has been tested in many plant species. Martinez-gomez et al. (2002) preserved pollen grains of almond at 0 o C and 4 o C. It was found that at these two temperature regimes pollen longevity could reach 2 months with 80% pollen germination on BK medium. Prolonged storage for up to 12 months significantly reduced pollen germination to between 0 and 50%, depending on cultivars. Giovannini et al. (2015) found that 'Encanto' rose pollen retained 92.2% germination after 192 days storage at -20 o C. In Imperata cylindrica, Rather et al. (2017) also reported that better preservation of pollen was under -20 °C that produced 46.97% absolute pollen viability after one month of preservation time. This pollen viability was significantly higher than of preservation regime of 4 °C (37.74%). Similarly, Mesnoua et al. (2018) reported that, at room temperature most date palm pollen lost their viability after two to three months of storage. However, under low temperature (-20 °C preferable 4 °C) pollen viability can be extended for more than one year.
The resistance of S. formosa pollen to low storage temperatures could be due to the properties of its wall. Two layers, i.e. the outer and the inner layer, were found in the pollen wall of S. formosa (Figure 5A ). Moore and Webb (1978) suggested that the outer layer of the pollen wall, which is called the exine, is made up of a protective substance known as sporopollenin, and the inner layer, which is called intine, is made up of cellulose and pectin. (Raven et al., 1999) added that sporopollenin is present in the pollen wall of all plants and is the most resistant biopolymer known. It is clear that the highly protective sporopollenin present at the outer layer, coupled with cellulose and pectin at the inner layer, contributes to the ability of S. formosa pollen grains to be resistant to low temperature, thus retaining their longevity.
Unlike pollen stored at 4 o C, those pollen grains kept at -10 o C were able to maintain their viability above 50% for the duration of the experiment (i.e. 63 days). Formation of intracellular ice crystals is believed to contribute to the extended longevity of S. formosa pollen at -10 o C. At the time of preservation, the water content of the S. formosa pollen was 6.6 -7.3%, which was sufficient for intracellular ice crystals to build up. This also occurred in Typha latifolia pollen with 7% water content, and stored at -20 o C (Buitink et al., 1998) . In Actinidia deliciosa, Gianni and Vania (2018) reported that pollen can be stored at -18 °C up to three years, when pre-dried to 10 to 12%. The increased longevity of dry pollen due to the presence of intracellular ice crystals is caused by slow molecular diffusion and decreased chemical reactions (Burke, 1996) . Therefore, drying or cooling pollen grains into a glassy state might improve long-term storage of S. formosa pollen.
The presence of intracellular ice crystals may also cause abrasion of the exine wall of pollen, resulting in a greater uptake of water and nutrient by the intine during germination. The rate of pollen germination in S. formosa increased after several days of preservation at -10 o C, however, as the pollen underwent aging its viability slowly decreased. Further investigations, perhaps using scanning electron microscopy, on the preserved pollen grains would possibly provide more clues about the effect of low temperature leading to an insight on pollen longevity. This experiment showed that some non-germinating pollen grains were also found to be viable upon testing with acetoorcein. Perhaps these pollen grains would have germinated if the time of incubation of pollen grains on the germination medium increased beyond 120 minutes.
Stigma receptivity
Stigma receptivity is critical in the development of a flower to maturation. It may greatly influence the rate of self-pollination, pollination success at different stages in the flower life cycle, the importance of various pollinators, the interference between male and female functions, the rate of competition via improper pollen transfer, and the chances of gametophytic selection (Galen et al., 1987) . Therefore, a test on the timing and duration of stigma receptivity should accompany breeding experiments or artificial pollination procedures (Stone et al., 1995) . Receptivity may be influenced by some factors such as the age of the flower and the presence or absence of stigmatic exudate. Generally, the duration of stigma receptivity in most plant species varies from a few hours up to 10 days (Dafni, 1992) .
Stigma receptivity has been studied in a number of ornamental plants such as Melaleuca alternifolia (Baskorowati, 2009) , Mesosetum chaseae (Silva et al., 2013) , Aechmea sp., Ananas sp., Alcantarea nahoumii, Pseudananas sagenarius and Vriesea sp. (Souza et al., 2016) and Lilium sp. (He et al., 2017) . The receptivity can be determined based on its morphological changes, rate of pollen germination upon pollination, and enzymatic activity evaluation using staining method. However, Shivanna (2003) suggested that the best way to determine stigma receptivity is through artificial pollination followed by subsequent analysis of pollen germination until fruits and seeds are set.
The fairly high percentage of pod formation (57.72%) resulted from plants emasculated one day before anther dehiscence indicated that the stigma had already been receptive before pollen maturity. At his stage, the petals were still closed but easily opened manually. This is in accordance with the finding of Jusaitis (1994) that the most convenient time for emasculating and performing hand-pollination on S. formosa was when the petals were still closed but easily opened using the fingers. This stage of floral development was approximately one day before anther dehiscence. Therefore, the earliest time for practically emasculating the flowers and carrying out handpollination in the present trial was one day before anther dehiscence. If emasculation is carried out earlier, it will damage the floral parts, particularly petals, because the flowers are still tightly closed and hard to open.
The receptivity of the stigma of S. formosa lasted up to the 6 th day after anther dehiscence, as indicated by a reasonably high percentage of pod formation (60.43%). Pod formation significantly reduced on the next day, and no pods were produced through the pollination of stigma on the 9 th day after anther dehiscence as the stigma had completely lost its receptivity due to the initiation of floral abscission.
Receptive stigmas are characterised by high enzymatic activity. The presence of several enzymes such as dehydrogenases, esterases and peroxidases is found to coincide with this developmental stage (Shivanna and Rangaswamy, 1992) . The stigma contains receptive cells that recognise the pollen grain and provides the substrate for pollen germination (Dafni, 1992) . It also plays an important role in the selection of pollen, rejecting pollen of alien species as well as fungal spores (heslop-harrison, 1999 ). The stigmatic cells may have the capability to discriminate between self and non-self pollen, and specifically reject self pollen, thus preventing self-fertilization (Rea and Nasrallah, 2008) .
The receptive stigmas of S. formosa are soft when rubbed with the fingertips because of the presence of liquid exudate. This wet stigma is a characteristic of the Fabaceae (Dafni, 1992) . The exudate of the stigmas is important in pollen-pistil interaction, particularly in controlling pollen adhesion, hydration and germination, as well as providing nutrition to the pollen grain during its growth.
One important stigmatic feature in relation to the success of fertilisation is the osmotic pressure (OP) of stigmatic papillae. In self-incompatible plants such as Linum grandiflorum, the ratio of pollen OP to stigma OP was different (Murray, 1986) . The difference in OP may be the reason for the failure of the pollen to hydrate, or may cause the pollen tube to burst, resulting in the failure of fertilisation even though the stigma is receptive. Since S. formosa is self-compatible the OP of stigma should not be a problem in interacting with the OP of viable pollen grains.
Another important element is the morphological structure of the stigma. Heslop-harrison (1999) suggested that the stigmatic surface of angiosperms shows a wide range of variation. It was reported by Jusaitis (1994) that the stigma of S. formosa is covered by a stigmatic cuticle that prevents pollen germination until ruptured. Such rupture can be induced by increasing fluid pressure in the style (Lord and Heslop-harrison, 1984) or subjecting the cuticle to mechanical disturbance such as visiting by birds (Heenan, 1998) , bees (Sigrist and Sazima, 2004) or rubbing the stigma with fingertip (Zulkarnain, 2005) , resulting in the rupturing of the cuticle. Although it may not directly correlate to stigma receptivity, misleading predictions of stigma receptivity in S. formosa may occur due to the presence of this cuticle.
Conclusions
The results indicate that hand-pollination in S. formosa could be performed at one day before anther dehiscence, but should be undertaken optimally 1-5 days after anther dehiscence, at which time the stigma is most receptive. When there are no receptive stigmas readily available for pollination, the pollen grains may be left within the keel in the glasshouse for a period of no more than 4 days. Alternatively, the pollen grains could be stored at a low temperature (4 o C) in total darkness, under which conditions pollen viability could remain high for up to 28 days. A longer period of pollen storage could be achieved by the use of freezing methodology (-10 o C), which allows storage of pollen for up to 63 days without any significant reduction in viability. Use of low temperature methodology should allow storage of S. formosa pollen for at least a few years, as noted in other species.
